The transfer of Marchantia paleacea var. diptera cells to darkness caused a reversible repression in the accumulation of transcript for a gene, por, encoding the NADPH: protochlorophyllide oxidoreductase (EC 1.3.1.33). The photosynthetic inhibitor DCMU and DBMIB repressed the accumulation in light. In the presence of transcription inhibitor cordycepin, not only incubation in the dark but also addition of DCMU or DBMIB in light stimulated the degradation of the por transcript. These findings suggest that photosynthetic electron transport is involved in regulating the stability of the por transcript.
The enzymatic reduction of protochlorophyllide represents a key regulatory step in the synthesis of chlorophyll among oxygenic phototrophs. This reduction is catalyzed by two enzymes. One is a single protein, NADPH:protochlorophyllide reductase (POR, EC 1.3.1.33), which depends completely on light for its activity. POR activity is found in cyanobacteria, non-vascular plants and vascular plants (Fujita 1996) . The second enzyme, the protochlorophyllide reductase complex, which functions irrespective of light, consists of three proteins encoded by chlL, chlN and chlB. Anoxygenic photosynthetic bacteria, cyanobacteria, non-vascular plants and vascular plants other than angiosperms having chlL/N/B genes can synthesize chlorophyll in the dark (Armstrong 1998) .
The expression of the POR gene is regulated in three ways; dependent on light (Kuroda et al. 1995 , Kuroda et al. 2000 , Oosawa et al. 2000 , independent of light, and repressed by light (Armstrong et al. 1995 , Holtorf et al. 1995 . The light-repressed POR is considered to function mainly in etiolated seedlings at the beginning of illumination (Armstrong et al. 1995 , Holtorf et al. 1995 . On the other hand, the light-dependent POR in Arabidopsis seems to function in mature leaves (Oosawa et al. 2000) .
We previously reported that under heterotrophic conditions the chlL/N/B and por genes in suspension cultures of a cell line derived from the liverwort Marchantia paleacea var. diptera were expressed in a light-dependent manner in the same way as rbcS gene encoding a small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase , Suzuki et al. 1999 . Furthermore, the lightdependent expression of these genes was mediated by phytochrome (Suzuki et al. 2001) . This is unexpected because chlL/ N/B are known to be expressed independent of light (Richard et al. 1994 , Spano et al. 1992 and there is no report of the involvement of phytochrome in the light-promoted expression of por genes.
Under heterotrophic conditions, in contrast to the por and chlL genes, the phytochrome gene in the liverwort cells was expressed in the dark and the expression was repressed upon illumination (Suzuki et al. 2001) . The question then arose as to whether the control by phytochrome is lost in the light-grown cells, since the liverwort phytochrome gene exists in a single copy per genome. To answer this question, we have investigated the response of por and chlL on the transfer of photoautotrophic cells grown in continuous light to darkness. We here show that in photoautotrophic cells, por expression was regulated predominantly by photosynthetic electron transport, rather than by phytochromes.
The liverwort cells grown in continuous light under photoautotrophic conditions were transferred to darkness, cultured for 1 d, then returned to light and cultured for 1 d. Levels of por, chlL and rbcS transcript were studied (Fig. 1A) . The level of por transcript was much reduced following the transfer to darkness, and recovered to the initial level on return to light. The level of rbcS transcript decreased slightly by the transfer to darkness, and increased on return to light. The level of chlL transcript increased slightly in the dark, which is distinct from our previous result in that in heterotrophic cells the expression of chlL gene was promoted by illumination . The cellular amounts of chlorophyll were unchanged throughout the transfer (Fig. 1B) .
To elucidate whether photosynthetic electron transport involves regulation of the light-dependent accumulation of por transcript, the effect of the photosynthetic inhibitor DCMU or DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone) on por transcript accumulation was investigated (Fig. 2) . DCMU inhibits the flow of electrons from PSII to plastoquinone whereas DBMIB blocks the flow after plastoquinone by binding to the cytochrome b 6 /f complex. When 10 mM DCMU or 20 mM DBMIB was added to the photoautotrophic culture, the activity of photosynthetic oxygen evolution was reduced to 5% or 10% of the untreated cells, respectively, while the respiratory activity remained above 85% of the control. Photosynthetic activity in the culture with DCMU was completely inhibited after 24 h in the light, while that with DBMIB recovered to 50% of the control ( Fig. 2A) . Concentrations of DBMIB higher than 20 mM could not be used because of significant inhibition of respiration and the noticeable damage of cells, as seen by the decrease in total RNA levels. The level of por transcript was investigated after the incubation of photoautotrophic cells in the light with or without 10 mM DCMU or 20 mM DBMIB (Fig. 2B) . The level of por transcript was greatly reduced by both inhibitors, while levels of chlL and rbcS transcript were hardly affected. The time course profile of the level of por transcript in the presence of photosynthetic inhibitors was also investigated (Fig. 2C) . The level of por transcript was reduced during incubation in the presence of DCMU or DBMIB in light. The rate of the decrease by DBMIB was lower than that by DCMU, probably because of partial inhibition of photosynthesis by DBMIB. These findings indicate that photosynthetic electron transport regulates the level of por transcript.
When the photoautotrophic cells incubated in the dark for 1 d were transferred to light and incubated in the presence of DCMU, the light-dependent accumulation of por transcript was greatly inhibited (Fig. 3A) . The transcription inhibitor, cordyc- epin, also inhibited the accumulation (Fig. 3A) . These results indicate that the increase in por transcript was due to de novo synthesis of por transcripts. To evaluate whether phytochrome involves the light-dependent accumulation of por transcript, the dark-adapted cells were irradiated by a short pulse of red light (Fig. 3B) . When the heterotrophic cells grown in the dark were irradiated with a red light pulse, the level of por transcript was increased to that under continuous illumination by white light. When the photoautotrophic cells incubated for 1 d in the dark were irradiated with red light pulse, the level of por transcript was not increased. These findings suggest that the expression of por gene in photoautotrophic cells was principally regulated by photosynthetic electron transport rather than phytochrome.
The balance between the synthesis and degradation of the transcript must regulate the steady state level of por transcript. To investigate the effect of light on the stability of the transcript, the level of transcript in the presence of cordycepin was investigated (Fig. 4) . Photoautotrophic cells were incubated in the presence of cordycepin in the light or in the dark, and the time course profile of the degradation of por transcript was investigated (Fig. 4A) . The degradation of por transcript was faster in the dark than in the light while rbcS transcript was relatively stable in the dark. These results indicate that the stability of por transcript is positively photoregulated but the rbcS transcript was not.
To elucidate whether photosynthetic electron transport is involved in stabilizing the por transcript, the time course profile of the degradation of por transcript in the presence of photosynthetic inhibitors and cordycepin was investigated (Fig.  4B) . In the presence of cordycepin, not only DCMU but also DBMIB stimulated the degradation of the por transcript in light. These findings indicate that the stability of the por transcript is regulated by the photosynthetic electron transport through PSI and PSII.
Considering the results using heterotrophic and photoautotrophic cells (Fig. 3) , the liverwort cells have at least two systems for photo-regulation of por gene expression; control by phytochrome and by photosynthetic electron transport. In photoautotrophic cells, photosynthetic control may play a principal role in regulating the accumulation of por transcript, because the level of por transcript was greatly reduced by DCMU (Fig. 2) . Photosynthetic control of por expression in the liverwort is the first indication of the mechanisms behind the photocontrol of por expression.
There exist different mechanisms of photosynthetic control for regulating the transcript levels of the genes involved in photosynthesis. If DCMU and DBMIB have opposite effects, the regulation is affected by the redox state of the plastoquinone pool, if not, it is influenced by thioredoxins. Most of reports are concerning the modulation of transcriptional activity by redox state of plastoquinone (Escoubas et al. 1995 , Pfannschmidt et al. 1999 , Tullberg et al. 2000 . Thiol redox state is also reported to modulate transcriptional activity (Sippola and Aro 2000) . On the other hand, the regulation of transcript stability by thiol redox is poorly known. The stability of transcripts of a nuclear-gene Fed-I encoding ferredoxin I, a component of PSI was reported to be controlled by photosynthetic electron transport, but it remains unclear whether the sensor is redox of thioredoxin or plastoquinone (Petracek et al. 1997) . Salvador and Klein (1999) reported that thiol redox regulates the transcript stability of plastid gene rbcL encoding a large subunit of ribulose bisphosphate carboxylase/oxygenase. In that report, the stability of rbcL transcript was changed by DCMU and thiol oxidant or reductant. In the present experiments both DCMU and DBMIB showed the same effect on the stability of por transcript (Fig. 4) . This result suggests the possibility that the stability of the liverwort por transcript is regulated by thioredoxin. However, further experiments are required to confirm this assumption, because thiol oxidant diamide stimulated the degradation of por transcript in the light but inhibited it in the dark (unpublished data).
Cell suspensions from M. paleacea var. diptera (yellow line cells, Takio et al. 1993) were grown at 25°C with shaking at 120 rpm under continuous illumination (8 Wm -2 ) or in the dark. Photoautotrophic cells in the stationary phase (2 ml culture) were transferred at biweekly intervals to 20 ml of fresh ANA-MS medium as described previously (Ngumi et al. 1990 ). For heterotrophic growth, cells were transferred at weekly intervals to 20 ml of fresh NA-MS medium as described previously (Takio et al. 1993 ). Red and far-red monochromatic light was obtained from 650 nm and 735 nm LED (EPITEX Inc.), respectively. The intensity of monochromatic light treatment was 4 mmol m -2 s -1 . Light treatments for 4 min at intervals of 6 h in 24 h in the dark were given to cells after growing in the dark for 4 d. The isolation of total RNA and Northern blot analysis were carried out as described previously . The probe was the digoxigenin-labeled DNA fragment of each gene: the por, chlL, rbcS and 26S rRNA probes used were described previously , Suzuki et al. 1999 . Photosynthetic and respiratory activities were determined by measuring oxygen concentrations with a Clark type electrode (YSI 5331; Yellow Springs Instrument) (Takio et al. 1993) . Chlorophyll content and cell dry weight were determined as described previously (Takio et al. 1993 ).
